Abstract. Ventricular volume (VV) is a powerful global indicator of brain tissue loss on MRI in normal aging and dementia. VV is used by radiologists in clinical practice and has one of the highest obtainable effect sizes for tracking brain change in clinical trials, but it is crucial to relate VV to structural alterations underlying clinical symptoms. Here we identify patterns of thinner cortical gray matter (GM) associated with dynamic changes in lateral VV at 1-year (N=677) and 2-year (N=536) intervals, in the ADNI cohort. People with faster VV loss had thinner baseline cortical GM in temporal, inferior frontal, inferior parietal, and occipital regions (controlling for age, sex, diagnosis). These findings show the patterns of relative cortical atrophy that predict later ventricular enlargement, further validating the use of ventricular segmentations as biomarkers. We may also infer specific patterns of regional cortical degeneration (and perhaps functional changes) that relate to VV expansion.
Introduction
The lateral ventricles are a fluid-filled region within the brain that expands to fill space formerly occupied by degenerating brain tissue inside the fixed volume of the skull. Ventricular volume (VV) is a widely-used biomarker of Alzheimer's disease (AD) progression; it offers one of the highest effect sizes for tracking brain change over time, and for detecting disease effects, making it highly advantageous in clinical trials. Clinically, VV is commonly used by radiologists to help diagnose neurodegeneration, more so than many of the more complex brain MRI measures analyzed in research. Even so, information is sorely needed on what VV changes imply in terms of alterations in regions underlying cognitive functions, such as the cortex. Cross-structure correlations linking changes in VV to differences in other brain tissues have been largely ignored in univariate analyses of single structures or maps.
Reductions in gray/white matter contrast with age make it challenging to detect longitudinal change in many brain structures -such as the hippocampus and cortexusually requiring time-consuming manual edits even with the most widely-used segmentation packages. In contrast, the boundary demarcating the lateral ventricles (cerebrospinal fluid (CSF)/brain tissue) is easier to detect, making ventricular segmentation reliable and robust [1] . As brain atrophy progresses, changes in cortical structure become even more extreme, along with further reductions in contrast at the gray/white interface. Segmentation of cortical structures, which tend to have greater functional significance, becomes even more difficult in the aging population.
The lateral ventricles can be measured in brain MRI scans using several different techniques. VV [7] , shape [2] , and boundary shift integral [8] have been validated as highly sensitive biomarkers of AD and mild cognitive impairment (MCI), offering high classification accuracy and greater consistency than some cognitive tests [9] , [10] . Longitudinal studies show that VV is a very sensitive biomarker of ongoing atrophy in elderly populations. In elderly non-demented adults, VV changes at a markedly faster rate (2.80-4.4% per year) than hippocampal volumes (0.68-0.84% per year) [7, 8] . Changes in VV may be faster in MCI and early AD than in later AD or normal aging [5] , but accumulated VV differences are most extreme in later stages of AD [2] .
Prior methods for VV segmentation have used semi-automated, automated [4] , and single-atlas or multi-atlas methods [5] . In this analysis, we segmented the ventricles with a modified multi-atlas approach. Our segmentation method makes use of groupwise surface registration of existing templates, and applies surface-based template blending for more accurate results [5] . For cortical segmentation, we use the standard FreeSurfer tools (v5.0.0) [6] .
Most studies of VV have been univariate, looking at the ventricles alone as a single structure, which does not allow more detailed interpretations of how changes in VV relate to other brain regions. Two groups have related VV to shape and volume differences in periventricular brain structures (including the hippocampus) [12] , [3] ; however, as far as we know, ours is the first study to use VV to infer cortical brain structure differences. By inferring cortical alterations from ventricular changes, we can better interpret results of clinical trials that show a deceleration in the rate of VV loss.
Methods

Cohort Studied
We analyzed 677 individuals who had received a high-resolution, T1-weighted structural MRI brain scan as part of phase 1 of the Alzheimer's Disease Neuroimaging Initiative
